The pathogenicity, immunogenicity, and morphological stability of a knobless clone of strain FCR-3 of the human malaria parasite Plasmodium falkiparum was investigated in Aotus monkeys. An early knob-bearing (K+), wild-type isolate of strain FCR-3 and the D3 knobless (K-) clone were adapted to Aotus monkey erythrocytes in continuous culture, establishing the parasites in Aotus cells without exposure to in vivo cellular or humoral immune responses. All monkeys, intact or splenectomized, which were infected with wild-type FCR-3 adapted to Aotus cells in vitro, developed virulent infections and had to be drug treated. The intact nonsplenectomized animals which received knobless D3 cloned parasites did not develop virulent infections even after multiple infections. The splenectomized monkeys which received the K-D3 clone had virulent infections. Late-stage wild-type K+ parasites sequestered in both intact and splenectomized monkeys, whereas late-stage D3 K-parasites did not sequester in the splenectomized animals. These results suggest that two elements affected the pathogenicity of the malaria parasites in these experiments. Knobs on K+-infected erythrocytes enabled these parasites to sequester, presumably by attachment to capillary endothelium. When present, the spleen eliminated circulating K-late-stage erythrocytes, presumably by selection on the basis of their nondeformability. Although clone D3 K-parasites are nonvirulent in intact monkeys, they induced some immunological protection against challenge with wild-type K+ parasites. The surface morphology of K--infected erythrocytes remains unaltered throughout these experiments, suggesting that loss of knobs is a stable condition.
Infection with the human malaria parasite Plasmodium falciparum results in visible alterations at the surface of the host erythrocyte. These alterations, called knobs, are 70-to 100-nm electron-dense cuplike protrusions beneath the erythrocyte unit membrane. They have been observed in infected erythrocytes (IRBCs) of both humans and Aotus monkeys in vivo and in vitro (1, 15, 21, 30) . They are reported to contain histidine-rich protein of parasite origin (8, 12, 13, 18) and are antigenically distinct from the rest of the erythrocyte surface (14) . Individuals with immunity to P. falciparum have antibodies in their sera which bind to the knobs (16) . The knobs appear on the red cell surface at the stage when rings mature into trophozoites. This timing correlates with the sequestration of late stages from the peripheral circulation. The knobs are believed to be the sites of attachment of IRBCs to the capillary endothelium in the deep vasculature, thereby obstructing blood circulation and avoiding passage through the spleen (22) .
With the development of methods to maintain erythrocytic stages of P. falciparum in continuous culture (28) , parasite variants which did not produce knobs soon were detected in isolates from several geographical areas (17) . Cultures have been enriched for knobless variants by plasma expander selection techniques (25) . Knobless (K-) singlecell isolates then have been cloned from such cultures (31) . Merozoites harvested from such a knobless clone have been used to immunize Aotus monkeys, with muramyl dipeptide as the adjuvant (29) .
The stability and pathogenicity of viable knobless parasites of P. falciparum have not been vigorously examined in vivo. It is unknown whether knobless parasites are more or less virulent than wild type or whether loss of knobs is a stable condition. It also is unknown whether knobless (K-) * Corresponding author.
trophozoites and schizonts will sequester from the peripheral circulation of an infected animal. If they do not sequester, it is uncertain whether they will be recognized or destroyed by the spleen. To investigate these parameters, a knobless clone and its parent wild-type (K+) strain of P. falciparum were adapted to owl monkey erythrocytes. Human malaria parasites are usually adapted to monkey cells by serial passage through several splenectomized animals. Because of reports by J. Barnwell et al. (3, 4) , M. Hommel et al. (9, 10) , and P. David et al. (7) of changes in antigenicity upon passage of malaria parasites through splenectomized primates, we did not adapt the K-clone and K+ wild-type parasites in this way. Instead, the parasites were adapted in vitro by continuous culture in owl monkey erythrocytes by recently developed modifications of human cell culture methods (23) .
In this report we present evidence that a knobless clone of P. falciparum (FCR-3 clone D3) is not pathogenic but is immunogenic in intact Colombian owl monkeys. Late-stage parasites of the K-clone, which lack knobs to bind to capillary endothelium, do not sequester and therefore are subject to destruction by the spleen. In addition, the surface Animals were anesthesized with 0.1 to 0.15 ml of ketamine (100 mg/ml) for venipuncture and for infection with parasitized erythrocytes via the femoral vein. Blood was drawn without anticoagulant for serum samples at 7-to 10-day intervals. The last preimmune blood draw was 7 days before infection. Blood was taken from ear pricks for daily monitoring of parasitemias on blood films and for samples for electron microscopy. At (23) . The adapted parasites were maintained in vitro in Aotus erythrocytes for 1 month before monkeys were infected. The erythrocytes of each monkey were tested for their ability to support the growth of both the D3 clone and the wild-type strain in vitro before in vivo infections. Erythrocytes from infected monkeys exhibiting parasitemias of 0.005 to 7.0% were placed into culture to expand parasite populations for cryopreservation and electron microscopy.
Infection of monkeys from cultured parasites. Inocula were prepared from cultures at parasitemias of approximately 2%, with ring stages predominant. The parasitized erythrocytes were washed in RPMI 1640 medium to remove the AB serum and were diluted in RPMI 1640 medium without serum to give an inoculum of 0.5 ml containing a specific number of parasitized erythrocytes, usually 5 x 105. After infection of the animals, the extra syringes which had been prepared with infecting doses were returned to the laboratory, and the parasitized erythrocytes were returned to culture, passing the cells through a 23-gauge needle, to simulate conditions of animal infection. These inoculum controls were cultured with 10% human AB serum at 2% hematocrit for 4 to 7 days to ascertain viability of the infecting parasites.
Approximately 3 months before infection, several monkeys were splenectomized (217J, 209J, WR 135, and 5341 wild-type parasites at the time of these challenge infections.
Parasitemias in monkeys were monitored by Giemsastained blood films. Counts were based on a minimum of 20,000 erythrocytes. The following criteria were used for determining when to drug treat experimental animals: parasitemia above 5% (if predominantly ring stages) or above 4% (if late stages prominent); reticulocytes above 20% of the total erythrocytes; hematocrit below 20; anorexia exceeding 24 h; or moribund animal. Monkeys were treated with a total of 55 to 65 mg of amodiaquine (no. BG58821/2977 AK; Walter Reed Army Institute of Research) given intramuscularly in water (50 mg/ml) over 3 to 4 days. Recrudescent monkeys were treated when their parasitemias exceeded 3.5%.
Microscopy. IFAs were performed as described previously (33) , with antigen slides prepared with FCR-3 wild-type cultured parasites. Dilutions of heat-inactivated sera from 1:20 to 1:10,000 were tested, and titers reported are the reciprocal of the last dilution giving positive fluorescence of merozoites within schizonts. For all assays, the control normal serum was a pool prepared from 10 naive Aotus monkeys, screened for negative response to P. falciparum by IFA and to human erythrocyte surface proteins in a hemagglutination assay. Slides were examined by epifluorescence microscopy.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were performed on both the wild-type FCR-3 and the D3 clone parasites from cultures in human O+ erythrocytes, from cultures in Aotus erythrocytes before infection of animals, from isolates from all monkeys exhibiting parasitemias, and from isolates from infected monkeys which were placed back into culture in Aotus erythrocytes for 1 to 14 days. Methods for fixation and processing for TEM were as described previously (15 had the D3 surface morphology as determined by TEM as expected, since the D3 clone was derived from the FCR-3 wild-type strain. The IRBC surface morphology of the parasites isolated from each monkey at peak parasitemias retained the same morphology as that of the parasites in the infecting dose, as determined by TEM. The presence or absence of a spleen had no observed effect on IRBC surface morphology. Clone D3-parasitized erythrocytes isolated from monkeys 5342 (intact) and 209J (splenectomized) remained knobless, smooth, and undistorted ( Fig. 2A) . Isolates from the various recrudescences of monkey 209J also retained typical D3 morphology. Parasitized erythrocytes isolated from monkeys infected with FCR-3 wild type (intact 115, 5335, 7921, and 8443 and splenectomized 217J) continued to exhibit the heterogeneous surface morphologies characteristic of this strain. Most late-stage IRBCs showed knob-bearing, distorted surfaces (Fig. 2D) . Isolates from monkeys 6902 and 8490 after challenge with FCR-3 wild type were of K+ morphology.
SEM, in combination with Giemsa-stained light microscopy, also was used to assess the surface morphology of cells infected with late-stage FCR-3 wild-type and D3 parasites.
Knobs were observed on the surface of most late-stage FCR-3 wild-type infected cells when the parasites were cultured in either human or Aotus erythrocytes, and the relative shape and frequency of the knobs appear similar in both host cell types. Samples isolated from each FCR-3-wildtype-infected animal at the peak parasitemia, before drug treatment, showed the same predominantly knobby morphology as that seen in the culture material. A human O cell infected with a trophozoite of the FCR-3 wild-type strain is shown in Fig. 2E and is a typical example of the K+ morphology of late-stage infected cells. Figure 2F shows a trophozoite-infected Aotus erythrocyte isolated from an animal after infection with FCR-3 wild type.
Erythrocytes infected with late stages of clone D3 parasites were uniformly knobless and relatively undistorted. Many trophozoite-infected cells appear to have a single, large depressed area on the surface. This morphology is similar in cultures of human and Aotus erythrocytes and in IRBCs isolated from splenectomized animals. The knobless morphology typical of this clone is seen in Fig. 2B and C. Figure 2B shows a D3 trophozoite-infected human O+ erythrocyte in culture, and Fig. 2C shows a trophozoite-infected Aotus erythrocyte isolated from an animal after infection with clone D3. 
DISCUSSION
These studies in Colombian Aotus monkeys directly compare the pathogenicity of a heterogeneous wild-type K+ strain of P. falciparum, FCR-3, and the cloned D3 K-line derived from FCR-3. This cloned line lacks the surface distortions and knobs of erythrocytes infected with the parental strain. The wild-type K+ strain caused virulent infections in both intact and splenectomized monkeys, and late-stage IRBCs were sequestered from the peripheral circulation regardless of whether the host monkey was splenectomized. The cloned K-line was virulent in splenectomized animals, and late-stage IRBCs did not sequester in these monkeys. In intact animals, the K-cloned line was essentially avirulent; parasitized cells were seen only on rare occasions, and these few were ring forms.
Two major factors appear to play crucial roles in determining virulence in these experiments: the surface of latestage IRBCs is K+ or K-, and the animal is splenectomized or intact. Our results suggest the following: (i) the presence or absence of knobs determines whether late-stage parasites will sequester or circulate, and (ii) if late stages do circulate, the presence or absence of a spleen determines whether these circulating late-stage parasites will be eliminated or contribute to a virulent infection. The mechanism of this very rapid splenic destruction of K-IRBCs is probably not antibody mediated but is based on recognition of nondeformability such as occurs with senescent erythrocytes.
Cranston et al. (6) reported that erythrocytes infected with late-stage P. falciparum parasites (trophozoites and schizonts) lose the ability to deform, as measured by sheer stress in vitro. They compared the cloned D4 line of FCR-3 (31), which is K-, with two K+ strains. They found that loss of deformability is related to parasite maturation in both K+ and K-strains. Since the spleen is known to recognize and destroy nondeformable erythrocytes, these authors suggested that the loss of deformability is the determining factor in splenic elimination of late-stage P. falciparum IRBCs.
The roles of the spleen in malaria are varied and complex. It is a major site of parasite and erythrocyte destruction (26, 34) , and both specific and nonspecific immune mechanisms have been demonstrated (24, 27) . In addition, David et al. (7) and Hommel et al. (9, 10) (5) . Antigenic variation of IRBC surface components has recently been reported in P. falciparum infections in squirrel monkeys in a cloned parasite line and in recrudescent populations of the Indochina I strain (9) . Strainspecific high-molecular-weight P. falciparum IRBC surface antigens which are related to in vitro cytoadherence also have been reported (19) . The relationship of these antigens to the IRBC surface antigens in D3 K-cells and to loss of knobs is not known. Analysis of surface antigenic determinants in original and recrudescent animal isolates of the D3 K-line is in progress.
Although parasites of the cloned D3 knobless line have reduced pathogenicity in intact monkeys, they induced a humoral immune response, as measured by IFA titers, and this response was dose dependent (Table 3 ). To determine whether the immune response induced by D3 was protective, monkeys were subsequently challenged with homologous D3 or heterologous FCR-3 wild-type parasites. Prior exposure to the D3 clone provided solid protection for the splenectomized monkey 209J when later challenged with homologous D3 parasites. Two experiments demonstrated partial protection after heterologous FCR-3 wild-type challenge. In experiment 1, two D3 monkeys eliminated their FCR-3 wild-type infections without drug treatment. In experiment 2, the D3 monkeys received higher doses of D3 parasites and developed higher antibody titers as measured by IFA but were less protected than the monkeys in experiment 1 when challenged with wild-type FCR-3. The monkeys had to be drug treated to control their initial parasitemias from wild-type infection, but only the control naive animal (5336) had to be drug treated a second time because of a high recrudescent parasitemia. Due to the extremely limited supply of Colombian owl monkeys, animals in experiments 1 and 2 differed by sex and karyotype (Table 1) , and these variables may have contributed to the observed differences in protection. The genetics of the immune response in Aotus monkeys have not yet been well studied. Partial rather than complete protection is consistent with the suggestion that the wild-type strain is both antigenically as well as morphologically more heterogeneous than the D3 cloned line.
The adherence of late-stage K+ parasitized erythrocytes to capillary endothelium via knobs contributes to the pathogenesis of falciparum malaria. Sequestered parasites obstruct local blood circulation, leading to local anoxia and ischemia. In addition, these sequestered parasites avoid attack by both specific and nonspecific immunological mechanisms, including splenic destruction. The use of knob-specific antisera to neutralize knob function may be an additional approach to controlling the pathogenicity of this disease. Parasite sequestration has been reversed in vivo and in K+ IRBC cytoadherence in vitro (7) with squirrel monkey immune serum. Antibodies to knobs have been identified in the sera of immune owl monkeys (16) . Thus, although most attempts to develop immunity to falciparum malaria use merozoite antigens, knob-endothelium binding components also are possible candidate antigens for a multivalent vaccine.
